Introduction
Surface active agents are substances that can reduce the surface and interface tension in liquids and liquid systems (i.e. oil/water, air/water, or liquid/solid) and can be produced through synthetic (surfactant) or microbial (biosurfactant) methods (Christofi and Ivshina, 2002; Khalladi et al., 2009) . These substances have the same amphiphilic properties in that they both have the character of an emulsifier (i.e. contain both hydrophobic and hydrophilic parts), which allows the blending and spreading of phases in immiscible liquid systems like oil/ water (Beal and Betts, 2000; Cassidy et al., 2002; Moraes et al., 2002; Cohen et al., 2003) . However, because they have a low toxic effect; are biologically degradable and environmentally friendly; and display highly specific activity under extreme temperature, pH, and salinity conditions, biosurfactants have advantages over chemical surfactants as biotechnological products (Makkar and Cameotra, 1999; Beal and Betts, 2000; Cassidy et al., 2002; Moraes et al., 2002; Khalladi et al., 2009; Pornsunthorntawee et al., 2009; Long et al., 2013a) . However, biosurfactants cannot compete with synthetic surfactants, due to the cost associated with their production via microorganisms (Makkar and Cameotra, 1999; .
A biosurfactant is a biological material that has crucial intracellular (regulatory molecules, food stores, etc.), extracellular (cell hydrophobicity and mycelium formation), and intercellular (quorum sensing, biofilm formation, antagonism, and microbial community structure) roles in the physiology and ecology of microorganisms (Hamme et al., 2006) . Many microorganisms produce biosurfactants of different characteristics and structures. These structures include glycolipid (rhamnolipid and trehalose lipid), lipid-protein complex (such as peptide-lipid, viscosin, and surfactin), fatty acids, and phospholipid or polymeric structures (Kosaric, 1992; Banat et al., 2000; Antunes et al., 2006) . The best-known biosurfactant is the rhamnolipid produced by some Pseudomonas species. In particular, rhamnolipids produced by P. aeruginosa species have high emulsification activity and affinity due to their low surface tension and critical micelle concentration (Desai and Banat, 1997; Raza et al., 2007) . Rhamnose sugar found in the structure of rhamnolipid bestows a hydrophilic quality to the biosurfactant structure, while the β-hydroxydecanoic fatty acid chain gives a hydrophobic quality to the structure (Lang and Wullbrandt, 1999; Youssef et al., 2005) , enabling the rhamnolipid to function as an emulsifier for immiscible substances. Growth of microorganisms on hydrocarbons is often associated with the production of compounds that can aid in the emulsification of hydrophobic substances in the growth medium (Calvo et al., 2002) . This property is important for the containment of environmental pollution; due to the affinity of biosurfactants they are used for the degradation of oil and oil-derived environmental polluters, for example petroleum and heavy metals (Maier and Soberon-Chavez, 2000; Celik et al., 2008; Ozturk et al., 2012) . Bacterial cell surface hydrophobicity is one of the most serious factors influencing bacterial adhesion to various surfaces (Zita and Hermansson, 1997) . Adherence of a microorganism to a surface may occur through a hydrophobic effect provided the associating sites have sufficiently high densities of nonpolar areas (Gogra et al., 2010) . Another property of rhamnolipid biosurfactants is their low critical micelle concentration, which is considered a hallmark of quality for surface-active agents and is expressed as the minimum surface active agent concentration for the lowest surface tension (MataSandoval et al., 1999) . Studies have been carried out to obtain new biosurfactant-producing isolates with a view to procuring new biosurfactants. Such studies generally make use of areas polluted with oil and oil-derivatives or factory waste for the isolation of biosurfactant-producing microorganisms (Beal and Betts, 2000; Cassidy et al., 2002; Tabatabaee et al., 2005; Whang et al., 2009 ).
The present study was conducted with the following aims: to screen strains of Pseudomonas spp. for biosurfactant production from a stream polluted by factory waste (Çorlu, Tekirdağ, Turkey) and from petroleum-contaminated soil (Batman Province, Turkey), select the strains producing the highest percentage yield of rhamnolipid, and examine rhamnolipids in terms of emulsification activity and cell surface hydrophobicity.
Materials and methods

Isolation and identification of microorganisms
In order to obtain microorganism isolates, samples collected from the Çorlu (Tekirdağ) stream contaminated with factory waste and from the soil around a Batman oil refinery were inoculated into Pseudomonas agar base (PAB) medium selective for Pseudomonas spp., as described by Atlas and Parks (1997) . After the Gram properties of isolates grown in PAB culture were examined, Gramnegative isolates were identified using an analytical profile index (API) biochemical test kit (bioMérieux, France). In line with the data obtained, identification of the isolates was confirmed by creating protein profiles (Laemmli, 1970) with the help of biochemical and physiological tests such as oxidase, denitrification, gelatine hydrolisation, starch hydrolisation, pigmentation, and development at 5-24 °C. For conducting tests and creating protein profiles, P. aeruginosa ATCC 27853 and P. stutzeri DSM 6082 strains were used as test bacteria.
Media and growth conditions
In order to determine surfactant-producing strains among the isolated and identified ones, all strains were grown in nutrient broth culture in an agitating incubator (96 h, 37 °C, 120 rpm), and surface tensions of all cultures were measured. For this purpose, basal mineral salt medium (BMSM) culture, as specified by Zhang et al. (2005) , was used. The composition of the culture was as follows (g/L): NaNO 3 4.0, NaCl 1. (Silva et al., 2009 ). The strains were inoculated into the BMSM culture at a rate of 2% after being activated twice, and active culture cell concentrations in the nutrient culture were adjusted to McFarland 2. The cultivations were conducted in 1 L shaking (130 rpm/min) flasks containing 250 mL medium for 96 h. The temperature was controlled at 37 °C.
Measurement of surface tension
The surface tension of liquids was measured at 25 °C using a stalagmometer (Stalagmometer Rohr B Abgew.), as described by Caykara and Birlik (2005) . The surface tension of the surfactant solutions was calculated using the following equation (Langmuir, 1917) : γ0 = γ (n/n0), where γ0 and γ are the surface tensions of the reference solvent (for water, γ0 = 73.49 dyne/cm 2 ) and surfactant solution, and n0 and n are the drop numbers of the reference solvent and surfactant solution, respectively. Samples of the culture media strain were centrifuged at 10 rpm for 10 min.
Determination of time production of rhamnolipids and curve growth
The time production of rhamnolipids was determined with the drop-collapse test method, as modified by Bodour et al. (2003) . Samples were taken from culture media every hour from the beginning of inoculation. The optical density was periodically measured at 600 nm with a spectrophotometer (Hitachi UV/VIS 1800).
Purification and isolation of rhamnolipids
After a 96-h incubation period, the pH of the culture was adjusted to 8.0 (using 10 M NaOH), and biomass was removed by centrifugation for 20 min at 10,000 × g. The supernatant pH was adjusted to 2 (using 3 M H 2 SO 4 ), and an equal volume of chloroform-methanol (2:1) was added. The mixture was shaken for 10 min. Centrifugation was performed for 10 min at 10,000 × g, and the organic phase was removed. The extraction operation was repeated once more. The rhamnolipid product was concentrated from the pooled organic phases using a rotary evaporator (Heidolph, Laborota 4000). The thick yellowish product was dissolved in methanol, filtered (Sterivex-GV, 0.22 mm; Millipore, Bedford, MA, USA), and concentrated again using the rotary evaporator (Mata-Sandoval et al., 1999) .
Determination of rhamnolipid concentration
Concentration of the rhamnolipids, as stated above, was determined according to the phenol sulphuric method described by Dubois et al. (1956) . The measurements were performed at 480 nm wavelength in a spectrophotometer.
Determination of critical micelle concentration value of rhamnolipid biosurfactants
Determination of the critical micelle concentration (CMC) of rhamnolipids was performed by measuring the surface tension of aqueous solutions. Purified rhamnolipids (obtained from 4-day culture) were dissolved in distilled water at several concentrations ranging from 50 mg/L to 160 mg/L. The measurements were carried out with a stalagmometer. CMC values were measured in triplicate (Moraes et al., 2002; Caykara and Birlik, 2005) .
The effect of pH and temperature on surface tension
The effects of different pH values (2-12) and temperatures (5-60 °C) on the surface tension of rhamnolipids produced by P. aeruginosa 78 and 99 strains were tested in BMSM. The surface tensions of the culture were measured with a stalagmometer at different pH values and temperatures (Patel and Desai, 1997) .
Emulsification assay
Emulsification activity of purified rhamnolipids was detected as described by Patel and Desai (1997) . The assays of emulsification and the emulsification index were measured by adding 3 mL of hydrocarbons (benzene, n-hexane, toluene, and xylene) to 2 mL of aqueous phase containing 0.4 g/L of purified rhamnolipids and vortexing at 10,000 rpm for 2 min. While emulsification activity was measured after 24 h, the emulsification index was measured after 1 month [(height of emulsion layer/total height) × 100] (Patel and Desai, 1997) .
Cell surface hydrophobicity assay
Cell surface hydrophobicity was determined as described by Rosenberg et al. (1980) . For this purpose, the active bacteria culture growth on the nutrient broth media was harvested (10,000 × g, 10 min) at the exponential growth phase, washed twice in PBS (NaCl, 8; K 2 HPO 4 , 21; KH 2 PO 4 , 0.34; pH 6.8; respectively, g/L), and resuspended in PBS to an OD 600 of 0.6. Thereafter, 1 mL of test hydrocarbon (benzene, n-hexane, toluene, and xylene) was added to test tubes containing 3 mL of washed cells. After blending in a vortex mixer for 90 s, the tubes were left to stand for 30 min to allow the 2 phases to separate; then, the OD of the aqueous phase was measured. Hydrophobicity was calculated from 3 replicates as the percent decrease in optical density of the original bacterial suspension due to cells partitioning into the hydrocarbon layer. Percent hydrophobicity was calculated by the following equation: hydrophobicity % = [(OD 600 before mixing -OD 600 after mixing)/(OD 600 before mixing) × 100] (Rosenberg et al., 1980) .
Statistical analysis
SPSS 11.0 software was used for the statistical analyses. The correlation between rhamnolipid production and surface tension was examined using Pearson's correlation. In addition, the correlation was used for determining any significant difference between emulsification activity and cell surface hydrophobicity of the strains. All analyses were run in triplicate for each replication.
Results and discussion
Identification of isolates
Samples taken from contaminated water and soil were cultivated in PAB culture, a selective culture medium for Pseudomonas spp., and among the isolates that grew in this culture, 26 gram-negative isolates were identified using API. According to API results, isolates 78 and 99 were identified as P. aeruginosa (99.9%), and the other 24 were identified as P. stutzeri (Table 1) . Additionally, biochemical and physiological tests were conducted on isolated strains and reference strains, and protein profiles (Figure 1 ) of all were created and compared to confirm API results. When Gram reaction, cell morphology, biochemical, and physiological tests were compared with the protein profiles of the strains, it was determined that strains 78 and 99 were similar to P. aeruginosa ATCC 27853 and the others resembled P. stutzeri DSM 6082 (Table 1 ). In addition, the isolates presented in Table 1 were observed to grow in PAB culture, to appear in the form of gram-negative rods, and to grow at 42 °C but not at 5 °C. On the basis of these data, P. stutzeri has a wider distribution than P. aeruginosa in soil/water samples contaminated with industrial waste and oil.
Determination of biosurfactant-producer strains
In this study, 26 Pseudomonas spp. isolates obtained from stream water contaminated with factory waste and soil contaminated with oil (Banat et al., 2000) were used. All strains were developed in nutrient broth culture, the surface tension of which was measured using a stalagmometer. Measurement results showed ( Table 2) that only 2 strains, P. aeruginosa 78 and 99, reduced the surface tension from 73 dyne/cm 2 to 29 and 33 dyne/cm 2 , respectively. Therefore, these 2 strains were chosen for use in other studies. Other researchers isolated biosurfactantproducer microorganisms from areas contaminated with industrial and oil waste and used them in their studies. For instance, Tuleva et al. (2002) reported that they isolated P. putida strain, a biosurfactant producer that can create surface-active agents that reduce surface tension of the culture, from industrial waste. In a similar study, it was stated that biosurfactant-producer bacteria could be found more commonly in areas contaminated with hydrocarbons such as oil (Margesin and Schinner, 2001; Arutchelvi et al., 2011) . Considering the data obtained in the study, the possibility of isolating biosurfactant-producer strains from soil contaminated with oil is high. The genus Pseudomonas is capable of using different substrates, such as glycerol, mannitol, fructose, glucose, n-paraffins, molasses, and vegetable oils, which are all known as good carbon and energy sources for producing rhamnolipid-type biosurfactants (Boulton et al., 1987; Santa Anna et al., 2002; Onbasli and Aslim, 2009) . P. aeruginosa 78 and 99 were able to use 3% glycerol and produced 287 and 286 mg/L of rhamnolipids, decreasing the surface tension of the culture from 73 dyne/cm 2 to 29 and 33 dyne/cm 2 at the end of 4 days of incubation, respectively. These strains showed an ability to use glycerol for rhamnolipid production. These findings are consistent with the observations reported by Santa Anna et al. (2002) , Itoh et al. (1971) , and Rashedi et al. (2005) , who stated that the best results were obtained using glycerol as substrate (Guerra-Santos et al., 1986; Rashedi et al., 2005) . Furthermore, in a study conducted by Onbasli and Aslim (2009) the strains of P. aeruginosa examined produced rhamnolipids at 250-300 mg/L. Moreover, Khoshdast et al. (2011) suggested that rhamnolipids produced from the strain P. aeruginosa Ma01 decreased the surface tension of the culture from 70 dyne/cm 2 to 30 dyne/cm 2 at the end of incubation.
The correlation between rhamnolipid production and surface tension was significant, according to statistical analysis (P < 0.01).
Determination of rhamnolipid production time and curve growth
The correlation between rhamnolipid production time and curve growth on culture media was examined, and the results are presented in Table 3 . To clarify, rhamnolipid production time in culture media was determined by drop-collapse method, and the results were verified by measuring surface tensions of samples taken from the same culture media. Accordingly, depending on rhamnolipid production, the diameter of drop samples taken from BMSM culture medium grew after 28 h in the culture medium of P. aeruginosa 78 strain and after 32 h in the culture medium of P. aeruginosa 99 culture medium (Table  3) . Similarly, surface tension measured on the culture media was observed to drop after 28 h in P. aeruginosa 78 strain and after 32 h in P. aeruginosa 99 (Figure 2 ). Based on those results, P. aeruginosa 78 strain starts producing rhamnolipids at 28 h, and P. aeruginosa 99 strain begins to produce rhamnolipids at 32 h. P. aeruginosa 78 strain entered the log phase at 28 h and the stationary phase at 48 h, while P. aeruginosa 99 strain entered the log phase at 20 h and the stationary phase at 40 h. A comparison of reproduction curves and rhamnolipid production of the strains revealed that P. aeruginosa 78 strain started rhamnolipid production in the early logarithmic phase, while P. aeruginosa 99 strain started producing rhamnolipids in the middle of the logarithmic phase and continued thereafter. Surface tensions measured in culture media of P. aeruginosa 78 and 99 strains in BMSM culture media after 96 h were 27 and 28 dyne/cm 2 respectively, while amounts of rhamnolipid produced were 396 and 282 mg/L, respectively. Previous studies reported that production of rhamnolipid biosurfactant started during the logarithmic and stationary phases of bacterial growth, and that the amount of production increased afterwards (Guerra-Santos et al., 1986; Zhang and Miller, 1995) . In another study, it was noted that P. fluorescens 5064 strain started biosurfactant production in culture media after 30 h of incubation (Cui, 2004) . Onbasli and Aslim (2009) stated that P. luteola and P. putida produced rhamnolipids of 0.23 and 0.24 g/L after 48 h and 0.38 and 0.36 g/L after 72 h, respectively. The results of our study are similar to those of the above-mentioned studies.
Determination of CMC value of rhamnolipid biosurfactants
CMC is defined as the minimum surface-active agent concentration required to minimise surface tension. This is a very important property in that it is a criterion used in comparing surface active agents with one another (Georgiou et al., 1992) . CMC can be used as an indicator of the quality of any surfactant/biosurfactant. CMC values of rhamnolipids produced by P. aeruginosa 78 and 99 strains were 115 mg/L and 130 mg/L, respectively (Figure 3) .
In a study by Moraes et al. (2002) the CMC value of the rhamnolipid biosurfactant produced by P. aeruginosa was 120 mg/L. It was reported that the CMC value of rhamnolipid biosurfactants produced by Pseudomonas spp. species generally ranged between 50 and 200 mg/L. Therefore, our results are congruous. On the other hand, in another study (Khoshdast et al., 2011) the CMC value of a rhamnolipid with 97.5% purity was 10 mg/L. It is thought that the difference in CMC values observed in this study may be due to the purity degree of the rhamnolipid.
In addition, surface tension measurements in the culture media showed that surface tension of both strains reached the lowest level at 52 h and tended to level off thereafter. Thus, the strains reached the CMC value in rhamnolipid production in culture media at 52 h. In other words, P. aeruginosa strains started rhamnolipid production at the beginning of the logarithmic phase, the production gradually grew, and rhamnolipid concentration in the culture medium reached the CMC value in the stationary phase (Figure 2) . 
Effect of pH and temperature on surface tension
The effect of rhamnolipids, produced by P. aeruginosa 78 and 99 strains, on surface tension at different temperatures and pH values was examined, and the results are presented in Figures 4 and 5. As seen in Figure 4 , pH markedly affected the surface activity of rhamnolipids. Acidic values exercised a more unfavourable effect on surface tension of rhamnolipids, relative to basic values. Similarly, in Figure 5 it is clear that low temperatures influenced surface tension, causing it to increase. Rhamnolipids showed an almost stable surface activity profile at pH values less than neutral (from 7 to 2). A more pronounced reduction in surface activity was observed at alkaline pH values, which could be ascribed to the formation of vesicles at these pH values (Khoshdast et al., 2011) .
The most appropriate temperature values for the surface tension of rhamnolipids are 25 °C and above. Several researchers reported that activities of biosurfactants were not affected by extremes in temperature and pH (Kosaric, 1992; Kosaric, 2001; Christofi and Ivshina, 2002; Wong et al., 2003) . However, rhamnolipids are known to go through stages of precipitation with acid and at low temperatures (+4 °C) during extraction. Therefore, acidity and low temperature play a negative role in the surface tension activity of rhamnolipids.
Emulsification activity and cell surface hydrophobicity
Biosurfactants enable the interaction of molecules by acting between contact surfaces of phases in immiscible systems like hydrocarbon/water (Delden and Iglew, 1998; Kosaric, 2001) . Hydrophobic tail contacts hydrocarbons, while hydrophilic head interacts with water molecules; and this amphiphilic property bestows an emulsifier characteristic to surface-active substances. The same is true for hydrophobicity. When surface-active agents are on bacterial cell surfaces, as the hydrophilic head binds to the cell surface and the hydrophobic tail to hydrocarbons, they give a hydrophobic character to cell surfaces (Dubois et al., 1956; Desai and Banat, 1997; Christofi and Ivshina, 2002; Nayak et al., 2009 ). Thus, emulsification activity and hydrophobicity are correlated.
This study explored emulsifier properties of rhamnolipids produced by P. aeruginosa 78 and 99 strains on benzene, n-hexane, toluene, and xylene hydrocarbons as well as rhamnolipid affinity to cell surfaces of these hydrocarbons. Rhamnolipids produced by P. aeruginosa 78 and 99 strains emulsified benzene at a rate of 68% and 69%, n-hexane at a rate of 64% and 71%, toluene at a rate of 60% and 64%, and xylene at a rate of 46% and 36%, respectively. In order to determine the stability of the emulsifier characteristic of rhamnolipids, measurements were repeated after 30 days, and the results changed (8 ± 1%) ( Table 4 ). Previous studies reported that rhamnolipids emulsified benzene at a rate of 60%-72%, n-hexane at 73%, toluene at 33%-100%, and xylene at 59% (Moraes et al., 2002; Bodour et al., 2003; Costa et al., 2005; Lotfabad et al., 2009 ). The results of previous studies were congruent with ours; rhamnolipids produced from the strains had a higher emulsifier quality for benzene, n-hexane, and benzene, relative to xylene. In a study conducted by Long et al. (2013b) , it was found that the presence of rhamnolipid at a medium concentration of 1000 mg/L made 40% of water precipitate from waste crude oil.
The study also examined the affinity of the cell surface of rhamnolipid-producer P. aeruginosa 78 and 99 strains to benzene, n-hexane, toluene, and xylene hydrocarbons. The cell surfaces of the strains attracted benzene at a rate of 73% and 62%, n-hexane at a rate of 40% and 29%, toluene at a rate of 65% and 72%, and xylene at a rate of 60% and 53%, respectively (Table 4) . It was reported in another study that n-hexadecane was attracted to the cell surface of the 21 BN strain of P. putida at a rate of 72% (Tuleva et al., 2002) . In a study by Noordman and Janssen (2002) at rates of 42%, 81%, 30%, and 12%, respectively. Similarly, it was observed that G1 strains of P. aeruginosa degraded 48% of 2.5% crude oil in 7 days (Celik et al., 2008) . In addition, Arutchelvi et al. (2011) stated that rhamnolipids contributed to the attachment of microorganisms to plastic and high hydrophobic polymers and played a role in degrading them. It was established that cell surfaces had a more hydrophobic quality for benzene, toluene, and xylene than n-hexane. The correlation between emulsification activity and cell surface hydrophobicity was not significant according to statistical analysis (P > 0.05). An evaluation of emulsification activity and hydrophobicity results in terms of correlation between the 2 revealed that rhamnolipid produced by P. aeruginosa 78 and 99 strains had a poorer emulsifier quality for xylene, and that cell surfaces of the concerned strains had a lower affinity to n-hexane relative to other hydrocarbons. Accordingly, rhamnolipids with high emulsifier characteristics failed to bestow a high hydrophobic quality to cell surfaces.
Conclusions
In this study, P. aeruginosa 78 and 99 produced rhamnolipid biosurfactants from petroleum-contaminated soil (Batman Province, Turkey). However, P. aeruginosa-producing rhamnolipids could not be isolated from a Çorlu stream contaminated with factory waste. Therefore, the possibility of isolating strains capable of producing rhamnolipids is much higher from the areas contaminated by petroleum. Under favourable conditions rhamnolipid synthesis occurred in the logarithmic phase of bacterial growth. An important result obtained in this research was that these strains decreased the surface tension of the culture from 73 dyne/cm 2 to 29 and 33 dyne/cm 2 with the CMC of produced rhamnolipids 115 and 130 mg/L, respectively. The surface active qualities, surface tension, and CMC of the rhamnolipids produced by P. aeruginosa 78 and 99 made them eligible for use in place of synthetic surfactants. Nonetheless, regarding CMC value, purity of rhamnolipids is significant as well. The rhamnolipids were examined in terms of emulsification activity and cell surface hydrophobicity. At the end of this investigation, it was found that P. aeruginosa 78 and 99 strains emulsified benzene and n-hexane at the highest rates and that the surfaces of these strains were 73% and 65% and 62% and 72% more hydrophobic for benzene and toluene, respectively. Therefore, both P. aeruginosa 78 and 99 are likely to be used in place of synthetic surfactants owing to the characteristics of the produced rhamnolipids. Thanks to the hydrophobic surface properties of the rhamnolipidproducer bacteria, rhamnolipids can be used to reduce the contaminative burden of oil-derived hydrocarbons, which are among the foremost environmental polluters. Therefore, we need to arrive at a better understanding of the characteristics of biosurfactants, use them as alternatives to synthetic surfactants, and isolate more effective biosurfactant-producer microorganisms. As biosurfactants are amphiphilic substances, their emulsification activities and the hydrophobicity they conferred on cell surfaces were explored.
To support the conclusions of the current study detailed fundamental research should be performed on rhamnolipids produced by the aforementioned strains. 
